Pioneering work before becoming mainstream research by IDA  Katsumi










Creative Commons : 表示
http://creativecommons.org/licenses/by/3.0/deed.ja
Pioneering work before becoming mainstream research
K. Ida
National Institute for Fusion Science, Toki, 509-5292, Japan
ida@nifs.ac.jp
Abstract. Various pioneering works in plasma physics in the last 30 years are reviewed. The following findings are discussed: 1)
radial electric field shear in H-mode pedestal, 2) curvature of radial electric field and temperature profile, 3) intrinsic torque for
plasma rotation, 4) hysteresis of flux-gradient relation in dynamic transport, 5) bifurcation of magnetic island states and 6) a trigger
mechanism also known as a trigger problem for abrupt events. In the several years since the findings, some of these topics have
already become mainstream research and others are state-of-the-art frontier research.
INTRODUCTION
The mainstream research in plasma physics for nuclear fusion has been focused upon finding a scenario to produce
and sustain the high density and high temperature in magnetically confined devices. Therefore, the physics connection
between the magnetic field structure and the performance of plasma in the steady state has been intensively studied. In
contrast, pioneering work has been achieved in the field of bifurcation phenomena due to a strong non-linear process
in the high temperature plasma. The most important finding in the plasma physics in a magnetically confined plasma
was the finding of the transition from low performance (L-mode) to high performance (H-mode) as a bifurcation
phenomenon [1, 2]. This is the bifurcation phenomenon of transport at the plasma boundary and the large pressure
gradient region, which is called pedestal, suddenly appears even for the constant heat flux in time. This finding pro-
vides for a paradigm shift for nuclear fusion research, because the performance of the plasma is not only determined
by the magnetic field structure and strongly affected by the self-organization process in the plasma.
After the finding of H-mode, there have been various bifurcation phenomena reported both in transport and in
MHD instability caused by a strong non-linear and self-organized process in the plasma. In the transport, bifurcation
phenomena of the transport state were also found in interior plasma, which is called an internal transport barrier (ITB)
[3, 4] and inside the magnetic island [5]. The bifurcation phenomena were also found in the MHD instability. The
topology of the magnetic field shows the bifurcation phenomena between nested magnetic field state and stochastic
magnetic state [6, 7]. More recently, the bifurcation phenomena were also found to play important roles in triggering
the abrupt event [8, 9]. In this paper, pioneer work on plasma physics, which became or will become a mainstream
research, is reviewed.
RADIAL ELECTRIC FIELD IN H-MODE PEDESTAL
It is well known that the first derivative of radial electric, E
′
r(= ∂Er/∂r), the so-called Er shear is an important
parameter in the transport study in a magnetically confined plasma. However, this importance was not recognized in
the 1980s and study on ion heat transport based on the measurements of ion temperature profiles with charge exchange
spectroscopy [10] was mainstream research. In tokamak plasma, the space potential and the radial electric field are
strongly influenced by the direction of neutral beam injection, since there is a significant contribution of toroidal
rotation velocity on the radial electric field. Space potential measurements with heavy ion beam probe in the ISX-B
tokamak demonstrated that the space potential and the radial electric field depend on the direction of neutral beam
injection and toroidal rotation respect to the plasma current [11]. However, the energy confinement is not dependent
on the direction of neutral beam injection, and the radial electric field did not receive attention in the transport study
of L-mode plasma. After the finding of change in the radial electric field in the H-mode pedestal in DIII-D [12] and
JFT-2M [13], the role of radial electric field shear on the transition from L-mode to H-mode phase has been widely
recognized. Figure 1 shows the time evolution of poloidal rotation velocity, radial electric field, and the intensity of
Balmer-alpha (Hα) line in DIII-D H-mode discharge and radial profiles of radial electric field and the gradient (1st
derivative in space) of electron and ion temperature in the JFT-2M H-mode plasma. The radial electric field starts
to gradually increase before the transition from L-mode to H-mode indicated by the sharp drop of Hα intensity and
sharply increases after the transition. The increase of negative radial electric field is localized near the last closed flux
surface (LCFS), and both large negative (E
′
r < 0) and positive (E
′
r > 0) shear appears. This observation suggests that
the negative Er shear contributes to the increase of temperature gradient but the positive Er shear does not contribute
significantly. The Er shear turbulence suppression model that predicts the turbulence in the plasma is suppressed by
the coupling between radial and poloidal decorrelation of sheared poloidal rotation is proposed as H-mode model
[14]. However, the observation in JFT-2M shows the increase of the temperature gradient at the LCFS where there is
no Er shear, which suggests that the simple model of turbulence suppression by Er shear may be not sufficient.
FIGURE 1. Time evolution of (a) poloidal rotation velocity, (b) radial electric field, (c) intensity of Balmer-alpha (Hα) line in
DIII-D H-mode discharge and radial profiles of (d) radial electric field and (e) gradient (1st derivative in space) of electron and ion
temperature measured with ECE (circles), spectroscopy (triangles), and probes (squares) in L-mode phase and H-mode phase in
the JFT-2M H-mode plasma (from figure 3(a)(b)(c) in [12] and figures 3(b) and 4(a) in [13]).
SECOND DERIVATIVE OF RADIAL ELECTRIC FIELD AND TEMPERATURE
The first derivative plasma parameters such as density, temperature, and radial electric field in space have been eval-
uated as gradients after the radial profile measurements started. This is because the gradients are essential to estimate
the transport coefficients (diffusion coefficient, thermal diffusivity, perpendicular viscosity of plasma flow). However,
the second derivative of plasma parameters in space has not been evaluated in 1990s owing to the lack of sufficient
spatial resolution of the measurements. In this section, two topics that demonstrate the importance of the second
derivative of temperature (T ) and the radial electric field (Er) are discussed.
Role of Zonal Flow and Curvature of Radial Electric Field
After the experimental identification of the zonal flow in toroidal plasma [15], the role of zonal flow and Er with zonal
structure on turbulence and transport has been intensively studied. The zonal flow is characterized by the fluctuated Er
with a low frequency of ∼ 1 kHz and with a mesoscale correlation length between the ion Larmor radius and plasma
minor radius (see figure 2(a)). As seen in Figure 2(b), a clear correlation between the turbulent fluctuation energy and
zonal flow energy was experimentally observed [16]. This observation clearly demonstrated that the Er with zonal
structure contributes to the suppression of turbulence and reduction of transport. Although the initial measurements of




2Er/∂r2) on transport, the role of E
′′
r has not been given attention for many years. When the scale-length
of the radial electric field becomes comparable to the scale-length of turbulence eddy such as zonal flow, the second
derivative of radial electric field E
′′
r as well as first derivative of radial electric field E
′
r should be expected to be




r was proposed to predict the effect of an
inhomogeneous radial electric field for the suppression of turbulence in toroidal plasma.
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FIGURE 2. (a) Radial structure of zonal flow, (b) relation between turbulence fluctuation energy and zonal flow energy in the
plasma with and without ITB region in CHS, and radial profiles of (c) inverse of scale-length of ion temperature and (d) radial
electric (e) inhomogeneous parameter of radial electric field (Z) in the H-mode pedestal in JT-60U (from figure 3 in [15], figure
31(c) in [16] and figure 3(a)(b) and figure 3(d) in [18], modified).
Fine measurements of the radial electric field in the H-mode pedestal with co-NBI and counter-NBI demonstrate
the important role of the second derivative of the radial electric field experimentally in JT-60U [18]. As seen in
Figure 2(c)(d), the peak of ion temperature gradient (inverse of scale-length of ion temperature profile) locates near
the bottom of Er well where the first derivative of radial electric field is small (E
′
r ∼ 0) and no Er shear effect on
turbulence suppression is expected. As seen in Figure 3(e), the inhomogeneous parameter Z has a peak near the
bottom of Er due to the curvature term of −ErE
′′
r , which indicates that the inhomogeneous parameter Z is a good
measure for the turbulence suppression and reduction of transport indicated by the increase of the inverse of scale-
length of ion temperature. This experiment demonstrates the importance of the second derivative of the radial electric
field in the formation of H-mode pedestal.
ITB Curvature Transition
The second derivative of ion temperature (∂2Ti/∂r2) was measured using the high spatial resolution charge exchange
spectroscopy system in JT-60U [19]. The high spatial resolution of 3-4mm with ∼ 300 spatial channels was achieved
by every 50 ms using the fast scanning optics system. Figure 3 shows the radial profiles of ion temperature, gradient
(first derivative), and curvature (second derivative) of ion temperature in the plasma with an internal transport barrier
(ITB) [20]. Large ion temperature gradient is observed in the interior region of the plasma for the normalized minor
radius ρ of 0.53 - 0.65. Although the ion temperature outside ITB region ( ρ < 0.53 and ρ > of 0.65) is almost
unchanged in time, the ion temperature inside ITB region ( 0.53 < ρ < 0.65) shows that there are two ITB states
for t = 6.04 - 6.09 s and t = 6.24 - 6.29 s. It is also interesting that there is a bifurcation between two different ITB
states in addition to the usual bifurcation between L-mode state and ITB state. The state with lower ion temperature is
called concave ITB (t = 6.04-6.09 s), while the state with higher ion temperature is called convex ITB (t = 6.24-6.29
s). The peak values of the gradient are almost identical between concave ITB and convex ITB, although the peak
position is slightly shifted outward in the convex ITB. The significant difference is in the region of positive curvature
(∂2Ti/∂r2 > 0) and negative curvature (∂2Ti/∂r2 < 0) inside the ITB region. As seen in Figure 3 (c), the region with
negative curvature is much wider than the region with positive curvature in the convex ITB. Because of the larger
gradient near the foot point of ITB, the convex ITB is less stable for MHD instability, and minor collapse usually is
observed in the convex ITB state [21]. This fact suggests that the bifurcation phenomena are important in the process
of triggering the abrupt event such as minor collapse.
FIGURE 3. Radial profiles of (a) ion temperature, (b) gradient, and (c) curvature of ion temperature in the weak concave ITB (t =
6.04-6.09 s) and strong convex ITB (t = 6.24-6.29 s) in JT-60U (from figure 1(a) and figure 2(b)(c) in [20]).
INTRINSIC TORQUE FOR SPONTANEOUS TOROIDAL ROTATION
It was well known that there is convection term in the particle transport as particle pinch. In contrast, the non-diffusive
term in the momentum transport was neglected from before the early 1990s. The perpendicular viscosity, which was
called momentum diffusivity χϕ with the analogy of heat diffusivity, has been evaluated using the momentum input
from tangentially injected neutral beam and toroidal rotation profiles measured with charge exchange spectroscopy.
The comparison of toroidal rotation velocity between co-injection and counter-injection of neutral beam shows the dis-
parity of toroidal rotation velocity (counter rotation is much larger than the co-rotation for the comparable magnitude
of torque input). However, this disparity was considered to be the result of differences in magnitude of the perpen-
dicular viscosity (momentum diffusivity χϕ) [22]. This is because that it was not easy to distinguish the diffusive and
non-diffusive term in the transport analysis in the steady state.
In order to study the existence of non-diffusive terms in the momentum transport, the transient analysis for mo-
mentum transport was performed. One transient analysis was off-axis NBI on/off modulation experiment. A second
transient analysis was NBI exchange experiment between co-injection and counter-injection. Figure 4(a)-(c) shows
radial profiles of toroidal rotation velocity, momentum source, and momentum diffusivity (diffusive viscosity coeffi-
cient) in JT-60U. The peaked toroidal rotation profiles in the plasma with off-axis NBI (off-axis momentum source)
implies the existence of non-diffusive term of momentum transport, because the transport analysis with diffusive term
only gives extremely small momentum diffusivity (without Vinward) in the core region (inner half of plasma minor
radius), which is inconsistent with the experimental results with on-axis NBI. By applying the NBI on/off modula-
tion, momentum diffusivity can be evaluated from the modulation amplitude and phase delay of the modulation. The
magnitude of the momentum diffusivity (modulation) from the amplitude and phase delay gives ∼ 1 m2/s in the core
region and can be consistent with the transport model with diffusive and non-diffusive term (with Vinward) as inward






FIGURE 4. Radial profiles of (a) toroidal rotation velocity, (b) momentum source, and (c) momentum diffusivity (diffusive viscos-
ity coefficient) in JT-60U, and (d) radial profile of toroidal momentum (e) flux-gradient relation of toroidal momentum, and radial
profiles of (f) diffusive and (g) non-diffusive viscosity coefficient in JFT-2M (from figure 3(a)(b)(c) in [23], figure 1(a) in [24] and
figure 3(d) and figure 4(a)(b) in [25]).
Figure 4(d)-(g) shows the radial profile of toroidal momentum flux gradient relation of toroidal momentum,
and radial profiles of diffusive and non-diffusive viscosity coefficient in JFT-2M. In this experiment, the direction
of on-axis NBI was changed from co-direction to counter-direction in one discharge. The momentum profile peaked
in co-direction became the peaked profile in counter-direction gradually after the change of the NBI direction from
co to counter at t = 750 ms. The flux-gradient relation during the transient phase after co-injection to counter(ctr)-
injection and counter(ctr)-injection to co-injection is plotted in figure 4(e). This flux-gradient relation shows the finite
momentum flux at zero-gradient, which is the clear evidence of the existence of non-diffusive terms. The viscosity
coefficient of diffusive term (momentum diffusivity) was evaluated from the slope of the flux-gradient relation, while
the viscosity coefficient of non-diffusive term was evaluated from the momentum flux at zero gradient. As seen in
Figure 4(f)(g), the viscosity coefficients both of diffusive term and of non-diffusive term are almost identical in the
discharge with co-NBI and counter-NBI. Here the non-diffusive term was assumed to be proportional to the ion
temperature gradient. After the finding of non-diffusive term in the momentum transport, the driving mechanism for
non-diffusive term has been intensively studied in experiments [26, 27, 28] and theory [29].
DYNAMICS OF FLUX-GRADIENT RELATION
The mainstream of the transport research has been an evaluation of the transport coefficients (diffusion coefficient,
heat diffusivity, perpendicular viscosity) using radial flux calculated and gradient measured in the steady state phase.
These transport coefficients are compared with the transport coefficients predicted by theoretical model. In this study,
the analysis itself is dependent upon the theoretical model (diffusive model with/without heat pinch, momentum
pinch, residual stress, etc.). In contrast, analysis of flux-gradient relation is the most appropriate approach for the
transport study in an experiment, because the analysis does not require any theoretical transport model and the results
are independent of the theoretical model. In the steady state, flux-gradient relation simply provides the transport
coefficient (diffusion coefficient, thermal diffusivity, and perpendicular viscosity) with the ratio of normalized flux
to the normalized gradient. Therefore, non-steady-state discharge is necessary to produce dynamical changes both in
normalized flux and in gradient.
Dynamic Transport Analysis
The perturbation experiments using tracer-encapsulated solid pellet (TESPEL) and repetitive ice pellets have been
applied for the dynamic transport analysis. Figure 5(a) shows the flux-gradient relation of electron heat transport in
the plasma core of LHD after the abrupt decrease of edge temperature due to the TESPEL injection (time A) [31].
Here the changes both in normalized flux and the gradient after the TESPEL injection are plotted. It is interesting
that the normalized flux decreases rapidly and then the gradient increases gradually (from time A to time B). The
rapid decrease of normalized flux is due to the spontaneous increase of electron temperature near the magnetic axis.
Both the decrease of normalized flux and the increase of gradient afterwards results in the decrease of the ratio of
normalized flux to the gradient (electron thermal diffusivity), which suggests the suppression of plasma turbulence in
the core. The suppression of plasma turbulence in the core seems to be transient and the ratio of normalized flux to
the gradient starts to increase (from time C to time D).
In the repetitive ice pellets experiment, it was also demonstrated that the flux gradient relation in the transient
phase could differ from that in the steady state. Figure 5(b) shows the flux-gradient relation of electron heat transport
in the plasma at mid-radius during the recovering phase after the abrupt increase of density (decrease of normalized
heat flux) due to the repetitive ice pellets [32]. Here the flux-gradient relations for 5 recovery phases are plotted. There
are three phases in the recovering phase for each pellet injections along weak temperature dependence branch (red),
transient phase (blue), and strong temperature dependence branch. The strong and weak temperature dependence
branch correspond to the flux-gradient relation for the L-mode, where the thermal diffusivity, χe, is proportional to
T 1.5e , and improved mode, where the χe is proportional to T
0.5
e . It was an important finding that the flux-gradient
relation in the steady state phase is always on the transport branch, which is referred as mode of the transport (L-
mode, H-mode, ITB-mode, etc.), The flux-gradient relation can be between the transport branches in the transient
phase. This experiment suggests that the flux-gradient relation in the steady state is determined by the relaxation
transport, where the radial profile of temperature is uniquely determined by the consistent gradient determining the
heat flux balanced with that externally produced by heating, while the flux-gradient relation in the transient phase is
not uniquely determined but has some hysteresis.
Figure 5(c)(d) shows the flux-gradient relation inside and outside the ITB region in the plasma with ITB. As the
temperature gradient increases, the transport shows enhancement (increase of thermal diffusivity) above the critical
gradient (the transition from phase I to phase II). However, when the normalized heat flux exceeds a certain level
(which is recognized as power threshold for the ITB formation), the gradient inside ITB region increases significantly
for the slight increase of normalized heat flux (phase III), which indicates the decrease of thermal diffusivity. In
contrast, the gradient outside ITB region decreases for the constant normalized heat flux (phase III), which indicates




FIGURE 5. Flux-gradient relation in electron transport in the discharge with (a) TESPEL and (b) repetitive ice pellets and flux-
gradient relation in ion transport (c) outside and (d) inside ITB in LHD (from figure 2(c) in [31], figure 4(a) in [32] and figure
2(a)(b) in [33]).
is evidence for the violation of local closure (local heat flux is determined by the local gradient), which is called
non-local transport [34, 35, 36].
Turbulence with Long Range Correlation and Hysteresis of Flux-gradient Relation
One of the candidates for the mechanism of seesaw phenomena of transport and non-local transport is core and edge
coupling of turbulence. Since the scale length of turbulence which contributes most to the transport is ∼ 101ρi and
much smaller than the scale length of plasma (minor radius), large magnitude of the turbulence is determined by
the local gradient. However, when there is multi turbulence with different scale length coexisting in the plasma, the
turbulence with long-range correlation can be a mediator between core turbulence and edge turbulence, and can cause
the radial propagation of turbulence by nonlinear coupling [30]. Therefore, it is important to identify the turbulence
with long-range correlation in the experiment.
The cross-correlation analysis is a powerful tool to detect the turbulence with long-range correlation, which is
buried in the broadband turbulence with small scale length, while bicoherence analysis is commonly used as a tool
to evaluate the coupling between the low frequency turbulence with long range correlation and background high
frequency turbulence. Figure 6(a) shows the squared auto-bicoherence of potential fluctuation in the edge region of
Ohmically heated plasma measured with a Langmuir probe in the JFT-2M tokamak [37]. The significantly larger
squared auto-bicoherence appears at ∼10 kHz for f1, f2 and f1 ± f2, which is a clear evidence for nonlinear coupling
of the turbulence with large scale-length (small poloidal wave number and low frequency of ∼10 kHz) and broadband
background turbulence. Figure 6(b) shows cross-correlations of low frequency temperature fluctuation and the recon-
structed image on poloidal cross-section measured with ECE in LHD [38, 39]. The contour of the cross-correlations
shows the temperature fluctuation of 1.5 - 3.5 kHz and in the frequency range of MHD instability. However, the con-
tour of the cross-correlations also shows a radial propagation which is not observed in the oscillation driven by MHD
instability. Figure 6(c) is a reconstructed image on poloidal cross section assuming the rigid plasma rotation, which







FIGURE 6. (a) Squared auto-bicoherence of potential fluctuation in JFT-2M, (b) cross-correlations of low frequency temperature
fluctuation, (c) reconstructed image on poloidal cross section, (d) fluctuation intensity and (e) flux-gradient relation of electron
transport, (f) radial profiles of normalized heat flux jump in LHD (from figure 4(a) in [37], figure 3(a)(b) in [39] and figure 5(a)(b),
and figure 6 in [40]).
Turbulence with long-range correlation is one of the candidates causing the hysteresis of flux-gradient relation
observed in the discharge with modulation ECH [40]. As seen in Figure 6(d)(e), both the normalized heat flux and
amplitude of broadband turbulence for the given temperature gradient are always larger during the ECH-on than that
during the ECH-off phase. This is evidence for the direct enhancement of turbulence amplitude by heating not by the
increase of local temperature gradient. The thermodynamic force in the plasma phase space is proposed as a candidate
for the enhancement of turbulence [41]. The magnitude of the hysteresis (jump of normalized heat flux) becomes
larger as the heating power is increased and significantly increases toward the plasma magnetic axis where the ECH
power is deposited.
BIFURCATION OF MAGNETIC ISLAND
Mainstream research for the magnetic island has been the study of the instability of the neoclassical tearing mode
(NTM) [42]. Here, how the magnetic island grows (the width of magnetic island increases) and how one can decrease
the width of the magnetic island and heal the magnetic island has been intensively studied. The state of the magnetic
island is characterized by the width of the magnetic island and magnetic topology (how stochastic the magnetic field)
and transport inside magnetic island has not been studied.
Topology Bifurcation in Magnetic Island
The magnetic field topology of magnetic island has been understood as that the magnetic field at the O-point of the
magnetic island is always nested, while the magnetic field at the X-point is always stochastic. The bifurcation of
magnetic field topology was found in the heat pulse propagation experiment in LHD [7]. When the magnetic field




FIGURE 7. Radial profiles of heat pulse produced by modulation electron cyclotron heating and heat deposition power in the
plasma with (a) magnetic island and (b) stochastic magnetic field, and Poincaré plot of magnetic field for the plasma with (c)
magnetic island and (d) stochastic magnetic field (from figure 3(a)(b) and figure 5(a)(b) in [7]).
inside magnetic island, because the heat pulse propagates from the boundary to the O-point of magnetic island as seen
in Figure 7(a), In contrast, the delay time of heat pulse profile shows flattening when the magnetic field topology of
magnetic island becomes stochastic because the heat pulse propagates radially with the speed of (δr/L)veth), where
L is the connection length for the displacement of δr and veth is thermal velocity of electrons as seen in Figure 7(b).
Figure 7(c) shows the Poincaré plot produced by adding fundamental n/m = 2/1 helical perturbation currents to the
equilibrium magnetic field. The stochastic magnetic field can be reproduced by adding the ad-hoc higher harmonic
n/m = 4/2, 6/3, 8/4 helical perturbation currents to the equilibrium magnetic field as shown in Figure 7(d). This is
the first observation demonstrating the bifurcation of magnetic topology between stochastic magnetic field and nested
magnetic field for the similar size of magnetic island width. The time scale for the transition and back-transition
between the nested and stochastic magnetic field is 100 ∼ 200 ms [43].
Transport Bifurcation in Magnetic Island
The bifurcation phenomenon inside the magnetic island was also found in transport in DIII-D [5]. The heat pulse
propagation technique was also applied to the study of transport inside the magnetic island, because the temperature
gradient inside the magnetic island is typically close to zero (flat profile) due to the lack of heat flux inside not due to
the enhancement of transport in steady state phase. The bifurcation of transport appears both in the amplitude and in
the delay time of the heat pulse inside the magnetic island. One is characterized by faster heat pulse propagation with
larger amplitude and the other is characterized by slower heat pulse propagation with smaller amplitude. The former
state is called a high-accessibility state and the latter is called a low-accessibility state. The bifurcation between these
two states is present at the steady state operation phase.
Figure 8 shows radial profiles of amplitude and delay time of the heat pulse produced by the modulation ECH
at X-point and O-point for the high- and low-accessibility state. At the X-point, the amplitude of the heat pulse
gradually decreases towards the plasma edge and there is almost no difference between high- and low-accessibility
state. In contrast, the significant reduction of amplitude of the heat pulse was observed inside the magnetic island.
This is because the majority of the heat flux propagates across the X-point due to the slow heat pulse propagation at
the O-point of the magnetic island. Propagation speed inside the magnetic island is much slower than that of outside
magnetic island by a factor of 5 ∼ 10 for the high-accessibility state and 20 ∼ 40 for the low-accessibility state.
FIGURE 8. Radial profiles of (a)(b) amplitude and (c)(d) delay time of heat pulse in the plasma with (a)(c) high-accessibility
state and (b)(d) low-accessibility state and contour of modulation amplitude of electron temperature in space and time during the
transition phase (e) from high to low-accessibility and (f) from low to high-accessibility states (from figure 5(a)(b)(c)(d) and figure
6(a)(b) in [5]).
The transition between low- and high-accessibility states is much faster (4 ∼ 7) than the magnetic field topology
bifurcation described above as seen in the contour of modulation amplitude of electron temperature in space and time
in Figure 8 (e)(f). This bifurcation in transport is considered to be due to the transition of turbulence spreading from
outside to inside the magnetic island, where no source for driving the turbulence (no temperature and density gradient)
exists. It is generally difficult to distinguish the turbulence propagating and turbulence generated in the region with
finite gradient. Therefore, turbulence measurements and heat pulse propagation experiment inside the magnetic island,
where there is no gradient, could explore the study of turbulence spreading in experiment [44].
TRIGGER PROBLEM FOR ABRUPT EVENTS
Trigger problems for abrupt events are an interesting problem common in plasma physics both in magnetically con-
fined plasma and astrophysical plasma as discussed for the trigger mechanism of a solar flare [45] and edge localized
mode (ELM) in tokamaks [8]. Mainstream research for the abrupt events is focusing on control to avoid abrupt events.
The so-called stability diagram often used in this research is useful to evaluate the risk (occurrence possibility) of
abrupt events but not to predict when an event will occurs. In order to predict when an event will occurs, the research
for the trigger mechanism just before the abrupt event is important. The knowledge of the trigger mechanism cannot
contribute to avoiding the abrupt events but can mitigate the damage of abrupt event by knowing when an event will
occur just before the event.
Tongue Shaped Deformation
The tongue shaped deformation is characterized by the deformation of the plasma equi-temperature surface from
equilibrium magnetic flux surface (plasma displacement), which is radially, poloidally, and toroidally localized and
observed just before the collapse of energetic ions in the plasma. Figure 9(a) shows the contour of plasma displacement
1 ms before and after the collapse of energetic ions indicated by the sharp increase of RF intensity [9]. The plasma
displacement starts to increase and move towards the edge 0.1 ms before the collapse of energetic ions in the non-
resonant magnetic flux surface (the position of resonant magnetic flux surface is marked with dashed lines). The
outward displacement is represented by red, while the inward displacement is indicated with blue. After the onset of
collapse, the outward displacement disappears and then inward displacement appears. These displacements reach 20
mm which is much larger than the displacement during stationary 1/1 mode (∼ 5 mm) before the collapse and during
the rotating mode ( ∼ 2 mm) after the collapse. The time interval between the tongue shaped deformation and collapse
is 0.1 ms and 1/102 ∼ 1/103 of time interval between the collapses (30 ∼ 40 ms). It is interesting that tongue shaped
deformation causes the collapse of energetic ions, partial reconnection, and rotating 1/1 mode which was stable before
the collapse of energetic ions. The study for the trigger mechanism provides a paradigm shift to the MHD stability
study where the MHD event is triggered when the free energy responsible for the MHD instability exceeds a certain
threshold.
FIGURE 9. (a) Contour of plasma displacement in time and space and radial profiles of displacement during (b) stationary 1/1
mode, (c) competition phase, (d) tongue formation (e) tongue collapse, and (f) rotating phase (from figure 4 (a)-(f) in [9]).
Distortion from Maxwell-Boltzmann Distribution
Mainstream research for the distortion from Maxwell-Boltzmann distribution has been high-energy tail where velocity
of the particle is much faster than the thermal velocity. This is because the particles which have a velocity within a
few times of thermal velocity are usually Maxwell-Boltzmann distribution due to the collision process in the steady
state phase. Even in the velocity space near within the thermal velocity, the velocity distribution can be distorted in
the transient phase within the collision time scale when the abrupt loss of trapped ion loss occurs at the MHD event
[46, 47]. Figure 10(a)(b) shows the evolution of poloidal magnetic field and contour of spectra of charge exchange
line, The spectra of charge exchange line shows the abrupt change in spectra associated with the MHD burst triggered
by tongue shaped deformation as indicated in poloidal magnetic field. As seen in the spectra in Figure 10(c), the
distortion from Maxwell-Boltzmann distribution was clearly observed 0.8 ms after the tongue event. The velocity
distribution above the Maxwell-Boltzmann distribution is called swell and velocity distribution below the Maxwell-
Boltzmann distribution is called dent. As seen in Figure 10(d), both the dent and the swell simultaneously appear in
FIGURE 10. The evolution of (a) poloidal magnetic field, (b) contour of spectra of charge exchange line, (c) velocity distribution
and fitted Gaussian profile after the tongue event, (d) contour of distortion from Maxwell-Boltzmann distribution (dent and swell)
and time evolution of (e) first moment, (f) square root of second moment, (g) third moment, and (h) fourth moment of ion velocity
distribution (from figure 1 (c)(d) in [46], figure 3(b)(c) in [47] and figure 4 (a)(b)(c)(d) in [46]).
the velocity regime of 1 - 2.5 times of thermal velocity within 2 ms.
In order to evaluate the distortion quantitatively, the skewness (3rd moment of velocity distribution) and kurtosis
(4th moment of velocity distribution - 3) are evaluated. Figure 10(e)-(h) shows the time evolution of the first moment,
square root of the second moment, third moment, and fourth moment of ion velocity distribution. After the collapse of
energetic ion loss at t = 0, first moment decreases, which corresponds to the change in plasma rotation, and the square
root of the second moment increases, which corresponds to the increase of thermal velocity. The transient change
in 3rd moment and 4th moment of velocity distribution is clear evidence of distortion from Maxwell-Boltzmann
distribution. This distortion disappears within 1 - 2 ms, which is similar to the ion-ion collision time scale. This
experiment stimulates the research for the impact of MHD abrupt event on the distortion of Maxwell-Boltzmann
distribution in the bulk energy particle.
SUMMARY
There are three types of pioneering work described in this paper. The first type is the study for the new parameters
of the plasma, such as radial electric field measurements in the H-mode pedestal, curvature measurements of radial
electric field and temperature in the transport barrier, and distortion from the Maxwell-Boltzmann distribution (skew-
ness and kurtosis in velocity space). The second type is the study explored by perturbation study such as heat pulse
propagation inside the magnetic island and hysteresis of flux-gradient relation. The third type is the study of abrupt
event such as tongue event and exhaust of turbulent clouds [48]. These works were not mainstream when introduced
but have become or will become mainstream research, especially in the interdisciplinary research fields.
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